In this paper, the D → P (π, K) HFFs are in detail studied for the first time by applying the QCD light-cone sum rules (LCSR) approach. The high-precision D → P (π, K) HFFs, P P 0,t (q 2 ), are obtained due to the corresponding three particles contribution are negligible and NLO gluon radiation correction contribution is less than 4%. At the large recoil point q 2 = 0, we find that P π t (0) = P π 0 (0) = 0.698 +0.019 −0.022 and P K t (0) = P K 0 (0) = 0.772 +0.024 −0.029 . Those HFFs are extrapolated to the physically allowable q 2 region to probe the D → P (π, K) semileptonic decay. For the D → π(K) decay width, our predictions more agree with BES-III collaboration within errors compared to the Lattice, especially for the low q 2 regions. For the branching fractions of the D → P (π, K) ν with = e, µ, our predictions are also more agrees with BES-III collaboration within errors compared to the CQM, especially for D → π ν decay process. The predicted the forward-backward asymmetry AFB and lepton convexity parameter C F are full of difference with that of the CQM, which may provide a way to test those HFFs in future experiments.
I. INTRODUCTION
Since the D-meson were first discovered in 1976 by the Mark I detector at the Stanford Linear Accelerator Center, experimentalists have done a lot of research on its properties. For examples, the decay constant are measured by Mark III detector at the SLAC [1] , CLEO [2] [3] [4] and BES [5] , the associated branching fraction measurements can be obtained from Mark III [6] , Belle [7] , CLEO-c [8] , BABAR [9] and BESIII [10] [11] [12] , and the associated semileptonic form factors are determined by BESIII [13] and HPQCD Collaboration for lattice results [14] , etc. Recent measurements of the Dmson semileptonic decays by BESIII provide new accurate results on the absolute decay branching fractions B(D + →K 0 e + ν e ) = (8.60 ± 0.06 ± 0.15) × 10 −2 and B(D + → π 0 e + ν e ) = (3.63 ± 0.08 ± 0.05) × 10 −3 [15] . A brief review of the earlier work and present experimental status of D-meson decays are given in [16] . It is both timely and instructive to calculate the corresponding HFFs from LCSRs and confront the results with experimental data.
The D-mesons are the lightest mesons containing a single charm quark (or antiquark) and a light quark (or antiquark), its heavy-to-light decay provides an excellent platform for understanding the dynamics of weak and strong interaction for the charm sector. In turn, with which one can more precisely test the SM and seeking for NP beyond the SM. Usually, the D-meson leptonic decays can be used to determine the D-meson masses and decay constant by employing the QCD sum rule [17] and the D → P semileptonic decays are key components for extracting the Cabibbo-Kobayashi-Maskawa (CKM) matrix elements due to the associated decay branching fractions are proportional to the CKM matrix elements [18, 19] . Meanwhile, a single phase from the CKM quark mixing matrix will dominate the CP violation phenomena [20] .
On the other hand, there are many theories to deal with the D-meson semileptonic decays, such as the light-cone sum rules (LCSR) [21] [22] [23] [24] [25] [26] [27] [28] [29] , the lattice QCD (LQCD) [30] [31] [32] [33] [34] [35] and the perturbative QCD (pQCD) [36] [37] [38] [39] [40] [41] [42] [43] . Those approaches are complementary to each other. The central task of that theory are to deal with hadronic matrix elements. One usually focused on characterizing non-perturbative hadronic matrix elements to the transition form factors (TFFs). In such a case, the γ-structures of those non-perturbative hadronic matrix elements can be decomposed into Lorentz invariant structures by using covariant decomposition, leading to basic TFFs for various decay channels.
Recently, Bharucha, Feldmanny and Wickz proposed a covariant helicity projection approach to parameterize the hadronic matrix elements as HFFs [44] . We firstly use this method to deal with the B → ρ decays [45] , and the resultant predictions are in good agreement with the experiment. The HFFs are also Lorentz-invariant functions which can be formally expressed as the linear combination of the usually adopted TFFs. The advantages of HFFs are (i) Dispersive bounds on the HFF parametrization can be achieved via the diagonalizable unitarity relations; (ii) there are relations between the HFFs and the spin-parity quantum numbers, especially when taking the heavy quark and/or large-energy limit. Thus, they can be conveniently adopted for considering the contributions from the excited states. The relations among the HFFs and the low-lying states can be obtained by relating the dominant poles in the LCSRs to those low-lying resonances.
The rest of the paper is organized as follows. In Sec. II, we give a brief introduce for the definition of HFFs and provides the full LCSR expression for P P 0,t (q 2 ). In Sec. III, we first discuss the hadron input parameters for HFFs and extrapolate those HFFs to the whole q 2 region by employing SSE. Then, we compute the differential decay width and branching fraction for D → P (V ) decays from the HFFs, We compare our results with available experimental other theoretical results. Finally, the conclusion is given in Sec. IV.
II. CALCULATION TECHNOLOGY
The short distance hadronic matrix elements, relevant for the pseudoscalar D-meson semileptonic decays, can be projected as the relevant HFFs via the off-shell Wboson polarization vectors. Specifically speaking [44] ,
where the standard kinematic function λ
To derive the LCSRs for those HFFs, we show the calculation technique the D → P (π, K) HFFs in detail in the following. For the purpose, we start from the analysis of the two-point correlation function
where the current j µ V (x) =q(x)γ µ c(x), and j † D (0) = c(0)iγ 5 u(0) which has the same quantum state of the pseudoscalar D-meson with J P = 0 − . Here the T is the product of the current operator. The ε * µ σ (q) represent transverse (σ = ±), longitudinal (σ = 0) or time-like (σ = t) polarization vectors. Note that the transverse projections will vanish.
The correlation function can be calculated in both timelike and spacelike q 2 regions due to its analytic property, which will fruit out the HFFs via equating the correlator of those two regions. In the timelike q 2 region, the correlator should be pre-processing by inserting the complete intermediate states with the same quantum numbers as the current operatorciγ 5 u and further isolating the pole term of the lowest pseudoscalar D-meson, as follows:
where D|ciγ 5 u|0 = m D 2 f D /m c . Employing dispersion integrations to replace the contributions of higher resonances and continuum states, the hadronic representation for the correlator Π H σ can be read off
where s 0 is an internal parameters of LCSR, e.g. effective threshold parameter, and the spectral densities ρ H σ (s) can be approximated by employing the quark-hadron duality ansatz
In the spacelike q 2 region, e.g.
, the correlator also should be pre-processing by contracting the c-quark operates to a free propagator,
where the nonlocal matrix elements in the right-hand side of the above equation are convoluted with the meson DA's of growing twist-2,3,4. The nonlocal matrix element be parametrized into any definitive twist by the so-called light-cone wave functions. The matrix elements can be expanded as follows [46] :
where P = π(K) and q 1 = d(s) for π(K)-meson, and we have set
Here K(α i ) stands for the twist-3 or twist-4 DA Φ 3;P (α i ), Φ 4;P (α i ), Ψ 4;P (α i ), Ψ 4;P (α i ) and Ψ 4;P (α i ). Furthermore, the QCD representation can be obtained by replacing those nonlocal matrix elements and employing dispersion integration to carry out the subtraction procedure of the continuum spectrum.
After equating the two type representation of correlator and subtracting the contribution from higher resonances and continuum states, one further carry out Borel transformation for them, e.g. replacing the variable (p+q) 2 with the Borel parameter M 2 and exponentiating the denominators, which removes the subtraction term in the dispersion relation and exponentially suppresses the contributions from unknown excited resonances. To obtain higher computational accuracy, we take the same way with Ref. [47] to calculate the leading order QCD gluon radiative contributions to the dominant twist-2. The one-loop corrections may lead to a divergence in the amplitude, which can be separated as UV divergence and infrared collinear divergence. The UV divergence will be canceled by the mass renormalization of heavy quark c and infrared collinear divergence term can be absorbed by the evolution of the wave function of the meson [48] . Thus, the LCSR for the D → P HFFs is finally obtained:
where Q ± = q 2 ±(m 2 D −m 2 P ), P = π(K) and q 1 = d(s) for π(K)-meson. At zero momentum transfer, the additional relation P t (0) = P 0 (0) holds, which can be confirmed not only from the above the HFFs but also from Table. IV,V and Fig. 1 . The short-hand notations introduced for the integrals over three-particle DA's are:
The NLO term in Eqs. (13) and (14) is cast in the form of the dispersion relation:
where the bulky expressions for the imaginary parts of the amplitudes can refer to Ref. [48] . The NLO amplitudes F 1 (q 2 , s, u) have the same expressions with
III. NUMERICAL ANALYSIS
We take the D, K and π-meson decay constants, f D = 0.2037 ± 0.0047 ± 0.0006 GeV [49] , f K = 0.1555 GeV [50] and f π = 0.1304 GeV [50] , the c-quark pole mass m c = 1.28 ± 0.03 GeV [51] , the D, K and π-meson mass m D = 1.86483 GeV, m K = 0.494 GeV and m π = 0.13957 GeV [51] . The factorization scale µ is set as the typical momentum transfer of
A. Distribution Amplitudes
As for the hadron input about LCDAs, we will shortly discuss the twist-2,3,4 LCDAs. For the leading twist-2 LCDAs, we adopt a standard approach is to do the calculation, e.g, the conformal expansion [46] :
where ξ = 2u − 1, µ is the factorization scale, the superscript P represent the π and K-mesons, and a P n is the (non-perturbative) Gegenbauer moments, which usually up to the first two terms a P 1,2 accuracy due to suppress effect of large n physical amplitudes from the Gegenbauer polynomials oscillate rapidly. The two-particle twist-3,4 distribution amplitudes, φ P 3;P (u), φ σ 3;P (u), φ 4;P (u), ψ 4;P (u) and Φ 4I;P (u), are defined as follows [53] : 
To LO in QCD, they do not mix under renormalisation, so that the scaling up to µ IR = m 2 D − m 2 c is given by There are two "internal" parameters for the HFFs. One is an effective threshold parameter s 0 , which is an output of the continuum subtraction procedure. The other one is Borel windows M 2 , which comes from the Borel transformation to sum rules to suppress contributions of the higher resonances and continuum state [23] . For the former, we take the effective threshold for D → P HFFs, P π 0;t and P K 0;t , as s 0 (P π 0;t ) = 12(1)GeV 2 and s 0 (P K 0;t ) = 21(1)GeV 2 . For the Borel windows M 2 , we set the continuum contribution to be less than 25% of the total LCSR to obtain the upper limit of M 2 , e.g. 
In view of the anomalous behavior of high twist contributions for HFFs, which shut down the possibility by using high twist contributions to set the lower limit of M 2 . As the stability of M 2 is among important requirements of the sum rule calculations and the unified criteria for those HFFs, thus we adopt the stability of the HFFs over M 2 to determined the lower bound for the Borel parameter, e.g., the HFFs to be changed less than 2% within the Borel window. The determined Borel parameter M 2 for various HFFs at the large recoil point q 2 = 0 are listed in Table III. In general, HFFs should not depend on the Borel parameter used in calculations. In real computations, however, M 2 demonstrate a residual dependence on M 2 . Which however can be systematically taken into account. We take the HFFs P and the "internal" parameters. The results are collected in Table IV , where errors from the D-meson decay constant f D , the c-quark pole mass m c , the Borel parameter M 2 and the continuum threshold s 0 . Table IV shows that the main errors of those HFFs come from the parameters DA and s 0 . Table V show the central value of P P 0;t at the large recoil point q 2 = 0. LO and NLO contributions are listed separately. The maximal NLO contributions of P P 0;t are no more than 4%, which means our HFFs maintain high accuracy. Thus, it is reliable to use the HFFs for analysis the D → P (π, K) decays.
The reliable regions of LCSR approach for D-meson semilepton decays can be set to 0 ≤ q 2 ≤ q 2 LCSR,max ≈ 0.6GeV 2 . Specifically, q 2 LCSR,max m 2 c − 2m c E with the hadronic scale E ≈ 500MeV [54] . While, that of the allowable physical range is 0 ≤ q 2 ≤ q 2 max , in which q 2 max = (M D − M π ) 2 3.0GeV 2 and q 2 max = (M D − M K ) 2 1.88GeV 2 for pion and kaon [55] , respectively. Aoife, Thorsten and Michael have suggested an Simplified Series Expansion to do the extrapolation of the HFFs based on the analyticity and unitarity consideration [44] . Specifically, the extrapolation of the HFFs satisfies the following parameterized formula, [51, 58] .
where φ X I (t) = 1, −z(t, 0) = q 2 /m D , z(t, t − ) = √ λ/m 2 D , and
The B(t) = 1 − q 2 /m 2 R,i is a simple pole corresponding to the first resonance in the spectrum. The appropriate resonance masses are given in Table VI . The parameters a σ k can be determined by requiring the "quality" of fit ∆ < 0.01, where ∆ is defined as
where t ∈ [0, 0.06, · · · , 0.54, 0.6] GeV 2 . We put the determined parameters a ρ,σ k in Table VIII , in which all the input parameters are set to be their central values. We put the extrapolated D → P HFFs P P σ (q 2 ) in Fig. 1 , where the shaded band stands for the squared average of all the mentioned uncertainties. All the HFFs are monotonically increase with the increment of q 2 .
C. D-Meson Semilepton Decay
In this section, the HFFs extracted from the light cone two-point sum rules are employed to study the D-meson semileptonic decay, e.g the decay width and branching fractions, which is frequently used for precision test the SM and for searching of new physics beyond SM. The differential decay rate for the process involving pseudoscalar mesons D → P is given by [56] dΓ dq 2 (D → P ν ) =
where δ = m 2 /(2q 2 ), | p P | is three-momentum of the pseudoscalar mesons in the D rest frame, the fermi coupling constant G F = 1.166 × 10 −5 GeV 2 , V cs = 0.944 and V cd = 0.2155 [57] . In Fig. 2 , we present our results for differential branching fractions for D → P ν in the entire kinematical range of momentum transfer. The semileptonic branching fractions in Eq. (30) are computed by numerically integrating the differential branching fractions shown in Fig. 2 . In which the solid lines represent center values and the shaded bands correspond to their uncertainties. The maximum extrapolated physically allowable point q 2 are q 2 max = (M D − M π ) 2 3.0GeV 2 and q 2 max = (M D − M K ) 2 1.88GeV 2 for pion and kaon [55] , respectively. The BESIII results (dots with error bars) are also presented as a comparison. As the lower role of the factor | p π(K) | = √ λ/(2m D ) in the decay width formula for the D → π(K) semilepton decay, the differential decay width monotonously decreases with the increment of q 2 , which is clearly illustrated in Fig. 2 . More specifically, compared to the decreasing rate of differential decay width for BES-III, that of LCSR is almost identical to it, so the resultant of LCSR agree with the BES-III Then, we calculate the branching fractions of D → π(K) + ν by employing τ (D 0 ) = 0.410 ± 0.002ps and τ (D + ) = 1.040 ± 0.007ps, the results are collected in Table VII . The relevant experiment results (BES-III, CLEO-c, PDG, Belle and BABAR) and theory results the covariant quark model(CQM) [59] are also presented as a comparison. Our results for all the branching fractions of D → π(K) + ν agree with the BES-III measurements within errors. Compared to the prediction of CQM theory for the D + → π 0 channel, more close to the experimental results can be obtained. Our results are smaller than BES-III measurements, the reason is that the BES-III measurements have an anomaly increase around q 2 ∼ 1.25GeV 2 and q 2 ∼ 0.5GeV 2 for D → π and D → K, respectively. Furthermore, the ratio for branching fraction with the different lepton channel is defined as, R P = Γ(D → P µ + ν µ )/Γ(D → P e + ν e ). After taking the D → P + ν decay width into the above equation, we can get ratios of semileptonic bractions using our HFFs derived by the LCSR calculation expressed in Eqs. (13) and (14) gives 
Our results have agreement with CQM [59] , which have the prediction Γ(D + →K 0 µ + ν µ )/Γ(D + →K 0 e + ν e ) = 0.97. Other results are more close to 1. The HFFs defined above can be used to calculate the forward-backward asymmetry (A FB ) [58] which have the definition
Also the lepton side convexity parameter [58] has the following form:
After taking the HFFs into Eqs. (32) and (33), we present the differential amplitudes of forward-backward asymmetry and lepton convexity parameter within uncertainties in Fig. 3 . Finally, we list our predictions for the forwardbackward asymmetry A FB , lepton convexity parameter C F in the Table IX . It is seen that, for both D → π and D → K decay transitions, A µ FB are about 10 5 times larger than A e FB , while C µ F is a little bigger than C e F . For the D → K µ , our predictions for A FB and C F ( = e, µ) are very different from that of the CQM [59] . Consider formula E.q. (32) and(33) refer to HFFs, these differences may provide a way to test those HFFs in future experiments.
IV. SUMMARY
In this paper, we have presented a systematic study of the D-meson semileptonic decays into pseudoscalar meson π and K HFFs P P σ with σ ∈ (0, t) within LCSR up to twist-4 and NLO for twist-2 contributions accuracy.
The HFFs at large recoil point q 2 = 0 GeV 2 , we have P π t (0) = P π 0 (0) = 0.698 +0.019 −0.022 and P K t (0) = P K 0 (0) = 0.772 +0.024 −0.029 , and more additional details can be obtained from Table. IV and Fig. 1 . We numerically find that no more than 4% contributions of the NLO indicate those HFFs keep a high-accurate and the predictions we make with it are credible.
After extrapolating the D → P HFFs to whole q 2region, we apply it to study the D → P (π, K) semileptonic decays. For the decay width in the Fig. 2 , our results are more agree with BES-III collaboration within errors compared to the Lattice, especially for the low q 2 regions. With the help of D-meson lifetime, the two types branching ratios are obtained and listed in Table VII . Our predictions have a good agreement with the BES-III and other experimental results, which provides a better prediction compared to the CQM [59] for the D → π ν decay process. Meanwhile, we listed the ratio of branching fraction with different lepton channel R P in Eq. (31) , which shows that RK0 = R K − and all values of these ratio close to 1.
Furthermore, by taking the D → P HFFs into the forward-backward asymmetry A FB and lepton convexity parameter C F , we give the differential distribution of these two observable in Fig. 3 . We present the differential amplitudes of forward-backward asymmetry and lepton convexity parameter within uncertainties in Fig. 3 . We also list our predictions for the forward-backward asymmetry A FB and lepton convexity parameter C F in the Table IX . It is seen that, for the D → P decay transitions, A µ FB are about 10 5 times larger than A e FB . There is a wide difference between our result and the CQM for both A FB and C F of the D → K ν decay process, the discrepance of may provide a way to test those HFFs in future experiments. 
